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high	 and	 increasing	water	 levels.	 Presence	 of	 other	migrants	 stimulated	migration,	
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Figure	1)	 is	 an	example	of	 a	 species	with	 a	 long-	distance	migration,	

















































tors	may	 interact.	For	 instance,	Vøllestad	et	al.	 (1986)	demonstrated	
earlier	migration	after	a	cool	than	after	a	warm	summer	and	that	in-






















2  | MATERIAL AND METHODS
The	Burrishoole	catchment,	Co.	Mayo,	western	Ireland	(Figure	2	and	






F IGURE  1 The	European	eel,	Anguilla 
anguilla	(L.,	1758).	Photograph:	Nina	
Jonsson





Moriarty,	1990).	Water	 level	 in	Lake	Feeagh	 is	taken	as	a	proxy	for	
water	 flow	 at	 the	Wolf	 traps	which	 are	 situated	 circa	 50-	m	down-
stream	from	the	lake.
The	 River	 Imsa,	 in	 the	 Rogaland	 County,	 southwestern	 Norway	
(Figure	2	and	supplementary	material),	is	also	an	oligotrophic	system.	
The	catchment	covers	an	area	of	12,800	ha,	of	which	1,536	ha	(12%)	
is	 lake	 surface	 (major	 lakes	 are	 Imsvatnet,	 40	ha,	 and	 Storavatnet,	












approx.	25	cm	 in	 length	 (Vøllestad	&	Jonsson,	1986).	This	would	 in-
clude	virtually	all	silver	eels	in	Burrishoole	and	Imsa	(Poole	et	al.,	un-
published	data).	The	data	used	 in	 this	analysis	are	 the	daily	number	
of	silver	eels	caught	in	the	Wolf	traps.	At	both	Burrishoole	and	Imsa,	
the	traps	were	checked	twice	every	day	(at	circa	08:00	and	15:00	h)	
throughout	 the	 year.	Water	 level	 and	water	 temperatures	were	 re-
corded	daily.	Water	flow	is	unregulated	in	both	rivers.	In	both	rivers,	
there	was	a	shift	in	annual	number	of	migrating	silver	eels	in	the	1980s	
(Poole	et	al.,	 unpublished	data).	 In	Burrishoole,	 the	 shift	occurred	 in	
1982,	with	 the	mean	 number	 shifting	 from	 4,445	 to	 2,765	 eels.	 In	
Imsa,	 the	 shift	 in	 mean	 numbers	 occurred	 in	 1988,	 from	 5,815	 to	
2,201	eels.	There	has	been	no	stocking	of	eels	in	these	water	courses,	
so	all	silver	eel	production	is	based	on	natural	glass	eel	recruitment.



























tives	 (F	 test,	Dalgaard,	2008).	Due	 to	 the	 large	 sample	 size	of	daily	






















4  |     SANDLUND et AL.
2.2 | Model parameters
2.2.1 | Response variables
We	defined	 the	migration	 season	 as	 lasting	 from	1	August	 to	 30	
November.	 In	 both	 rivers,	 the	mean	 proportion	 of	 eels	migrating	
during	 this	 period	was	 96.7%.	 There	was	 no	 peak	 in	migration	 in	
spring,	 as	 the	 mean	 proportion	 of	 eels	 leaving	 the	 rivers	 during	
March–May	was	0.2%	and	0.3%	 in	Burrishoole	 and	 Imsa,	 respec-
tively.	The	corresponding	proportion	of	fish	migrating	during	winter	
(December–April)	 was	 1.3%	 and	 1.4%.	We	 developed	models	 for	
three	response	variables	(Table	1).	These	were	the	annual	onset	of	
migration	(D5),	the	duration	of	migration	(D5-	D95),	and	daily	num-
ber	 of	migrants	 (Nday).	We	 defined	 the	 onset	 of	migration	 as	 the	
day	in	the	season	when	5%	of	the	eels	have	migrated	and	duration	






















significant	 coefficients	 of	 the	model;	 no	 single	 term	 can	 be	 inter-
preted	independently	of	the	others.	 In	this	case,	this	consideration	
is	particularly	valid	 for	water	 level	and	water	 temperature.	 In	both	
Burrishoole	 and	 Imsa,	 there	 was	 a	 negative	 correlation	 between	
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May–August;	that	is,	high	waters	were	associated	with	low	tempera-
tures	and	vice	versa.
The	onset	of	migration	 is	 an	annual	observation,	which	 requires	
explanatory	variables	(water	level,	temperature)	that	are	averaged	or	





enced	 by	 events	 before	 that	 day,	 and	 therefore,	water	 level,	water	












In	 order	 to	 develop	 a	 common	model	 for	 the	 two	 rivers,	 some	
modifications	of	the	variables	were	required.	The	water	level	time	se-
ries	was	standardized,	because	we	assumed	that	it	is	not	the	absolute	







3.1 | Timing of the silver eel migration
The	 pattern	 of	 silver	 eel	 migration,	 including	 the	 timing	 of	 migra-
tion	 onset	 (D5)	 and	 end	 (D95),	 varied	 greatly	 among	 years	 both	 in	
Burrishoole	and	 in	 Imsa.	The	start	of	the	annual	migration	 (D5)	var-
ied	from	18	July	to	28	October	in	Burrishoole	and	from	1	August	to	
11	October	in	Imsa	(Figure	3).	Associated	with	this	variation	in	D5	is	
substantial	variation	 in	water	 level	and	 temperature.	 In	Burrishoole,	
water	level	in	Lake	Feeagh	at	D5	has	been	between	0.16	and	0.85.	In	
Imsa,	river	discharge	at	D5	has	varied	between	0.26	and	12.78	m3/s.	
Corresponding	 values	 for	 temperatures	 were	 between	 12.0	 and	









curred	after	1	December.	 Interestingly,	 the	date	when	half	 the	 fish	
had	migrated	 (D50)	varied	within	an	almost	 identical	 time	period	 in	










significant	or	nearly	 significant.	However,	 removing	all	 the	 insignifi-
cant	variables,	as	well	as	those	that	were	significant	but	had	little	ad-
ditional	effect	on	model	performance	 (as	assessed	by	the	change	 in	

























































22%	of	 the	 variation,	 even	 if	 the	AIC	barely	 increased	 (AIC=362.1).	
The	water	temperatures	in	May	and	July	were	therefore	retained	to	
facilitate	the	comparison	with	Imsa.
3.3.2 | Imsa compared to Burrishoole
The	maximum	model	for	D5	at	Imsa	with	all	explanatory	variables	in-
cluded	had	an	AIC	of	296.1	 (R2	=	.74).	The	 reduced	model	with	 the	
three	same	variables	as	at	Burrishoole	explained	42%	of	the	variance	
in	D5	(AIC=291.6;	Table	4C).	Also	in	Imsa,	high	mean	water	temper-



















was	a	major	difference	 in	 the	models.	When	 the	Burrishoole	model	
was	 applied	 to	 the	 Imsa	 data,	D5	was	 predicted	 on	 average	 8	days	
later	than	observed,	while	the	Imsa	model	applied	to	the	Burrishoole	
data	predicted	D5	on	average	8	days	earlier	than	observed.
3.4 | Duration of the migration season
3.4.1 | Burrishoole
A	 model	 for	 the	 duration	 of	 the	 migration	 season	 (D95-	D5)	 in	
Burrishoole	included	year	and	six	explanatory	variables,	of	which	four	
were	 associated	with	 temperature	 and	 two	with	water	 level,	 had	 a	
high	explanatory	power	 (R2	=	.79;	AIC	=	319.1,	 compared	 to	an	AIC	
of	 322.9	 for	 the	 maximum	 model).	 High	 February	 and	 November	
temperatures	contributed	to	a	longer	migration	period,	whereas	high	
temperatures	in	December	the	previous	year	and	in	August	caused	a	
shorter	duration.	High	water	 level	 in	August	caused	a	 longer	migra-
tion	period,	while	high	water	level	in	November	resulted	in	a	shorter	
migration	period.	Removing	year	 from	the	model	while	keeping	 the	



















3.4.3 | Comparison between Burrishoole and Imsa
The	monthly	temperatures	included	in	the	selected	models	for	the	du-
ration	of	migration	from	both	rivers,	that	is,	previous	December	and	









Coefficients: Estimate SE t Value Pr(>|t|)
A Burrishoole
(Intercept) −3.098 0.069 −45.01 <2e-	16
WL 0.496 0.017 29.75 <2e-	16
Moon −0.689 0.059 −11.64 <2e-	16
NDrem −0.032 0.001 −41.20 <2e-	16
ln(Nday-1) 0.354 0.011 32.55 <2e-	16
δWL 0.270 0.011 24.46 <2e-	16
B Burrishoole
(Intercept) −3.051 0.071 −42.88 <2e-	16
WL 0.560 0.018 31.97 <2e-	16
Moon −0.726 0.062 −11.79 <2e-	16
NDrem −0.031 0.001 −39.11 <2e-	16
ln(Nday-1) 0.337 0.011 29.85 <2e-	16
C Imsa
(Intercept) −3.350 0.087 −38.71 <2e-	16
WL 0.237 0.022 10.69 <2e-	16
Moon −0.584 0.067 −8.66 <2e-	16
NDrem −0.027 0.001 −18.89 <2e-	16
ln(Nday-1) 0.466 0.016 −3.42 <2e-	16
Tdev9 −0.052 0.015 29.58 0.001
D Imsa
(Intercept) −3.378 0.086 −39.50 <2e-	16
WL 0.235 0.022 10.50 <2e-	16
Moon −0.565 0.068 −8.29 <2e-	16
NDrem −0.030 0.001 −32.53 <2e-	16




Coefficients Estimate SE t Value Pr(>|t|)
(Intercept) −3.118 0.053 −58.48 <2e-	16
WL 0.390 0.014 28.73 <2e-	16
δWL 0.266 0.009 28.06 <2e-	16
Moon −0.678 0.045 −15.04 <2e-	16
ln(Nday-1) 0.383 0.009 43.40 <2e-	16
NDrem −0.032 0.001 −52.48 <2e-	16


















The	 impact	 of	 environmental	 variables	 on	 the	 annual	 timing,	
duration,	and	pattern	of	silver	eel	migration	indicated	that	the	en-
vironment	may	 act	 along	 different	 time	 scales	 and	 apparently	 on	
different	aspects	of	migration.	Environmental	factors	acting	in	the	
months	before	migration	had	an	impact	on	the	onset	and	duration	
of	migration.	Temperatures	during	 spring	and	summer	 likely	 influ-
ence	 the	 physiological,	 morphological	 and	 energetic	 preparations	
for	 migration.	 Environmental	 factors	 like	 water	 temperature	 and	
food	availability	probably	act	 in	concert	 to	promote	accumulation	
of	muscular	fat,	which	is	an	important	factor	preparing	the	fish	for	
migration	 (e.g.,	 Belpaire	 et	al.,	 2009).	 Significant	 impact	 of	water	
temperatures,	already	from	the	previous	December	 in	both	rivers,	





conditions	 enhance	 the	 silvering	 process	 (Durif	 et	al.,	 2005),	 and	
therefore,	 food	 availability	 and	 water	 temperatures	 will	 deter-
mine	how	fast	the	silvering	occurs.	This	is	similar	to	smoltification	




Because	 silver	 eels	 in	 northern	 areas	 migrate	 early	 (Bergersen	 &	
Klemetsen,	 1988;	 Davidsen	 et	al.,	 2011),	 it	 seems	 likely	 that	 the	







Coefficients Estimate SE t Value Pr(>|t|)
(Intercept) 144.72 35.20 4.11 0.0002
TDec-1 −8.91 2.73 −3.27 0.002
TFeb 7.98 2.27 3.51 0.001
TAug −7.86 1.77 −4.45 7.7e-	05




Coefficients Estimate SE t Value Pr(>|t|)
(Intercept) 133.48 17.41 7.67 1.5e-	08
TDec-1 −5.94 3.36 −1.77 0.09
TFeb 13.85 7.36 1.88 0.07
TMar −15.18 6.85 −2.22 0.03
WLAug 22.93 7.57 3.03 0.005
WLNov −7.09 3.95 −1.79 0.08
Model AIC Coefficients Estimate SE t Value Pr(>|t|)
A Burrishoole 361.7 (Intercept) 104.5 36.284 2.879 0.0065
TMay −3.98 2.078 −1.916 0.063
TJul 3.45 2.396 1.439 0.16
WLAug −13.50 4.924 −2.742 0.0093
B Burrishoole 362.1 (Intercept) 115.45 2.97 38.82 <2e-	16
WLAug −15.85 4.74 −3.346 0.00179
C Imsa 291.6 (Intercept) 97.52 27.06 3.60 0.001
TMay −2.80 1.49 −1.88 0.07
TJul 2.48 1.45 1.71 0.096
WLAug −19.25 5.04 −3.82 0.001
D Imsa 291.7 (Intercept) 108.77 3.45 31.50 <2e-	16
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When	 the	 silvering	 process	 is	 completed,	 environmental	 con-
ditions	act	on	a	shorter	time	scale.	 In	particular,	water	 levels	appear	
to	be	 important,	 as	high	water	 levels	 in	August	hasten	 the	onset	of	





evaluated	 independently.	 Once	 the	 migration	 had	 started,	 environ-
mental	 factors	 impacted	 the	day	 to	day	variation	 in	numbers	of	mi-
grants,	apparently	serving	as	cues	to	stimulate	migration	among	those	
eels	that	were	ready	for	migration.
On	 the	 short	 time	 scale,	 the	 daily	 number	 of	migrants	was	 pos-
itively	 correlated	 to	 high	 water	 levels	 and	 the	 number	 of	 migrants	
the	day	before,	while	strong	moonlight	and	being	early	in	the	season	
had	 a	 negative	 impact.	 A	 positive	 relationship	 between	water	 level	
















moonlight	and	short	nights	 (i.e.,	early	 in	 the	season)	on	 the	number	
of	migrating	eels	 are	 in	 line	with	 this	 statement	and	with	a	number	










The	 models	 describing	 the	 daily	 number	 of	 migrating	 eels	 in	
Burrishoole	 and	 Imsa	were	 almost	 identical,	with	 similar	 parameter	














low	 temperatures	 in	winter	 and	 become	 active	when	 temperatures	
rise	 in	 spring.	 The	 minimum	 temperature	 for	 activity	 (and	 presum-
ably	 feeding)	 seems	 to	vary	 among	 sites.	 In	 Lake	Mälaren,	 Sweden,	
Westerberg	 and	 Sjöberg	 (2014)	 recorded	 that	 eel	 activity	 in	 spring	
commenced	at	temperatures	above	3–7°C.	In	Imsa,	Haraldstad	et	al.	
(1985)	 caught	 feeding	yellow	 eels	 at	 8°C,	 and	 in	 northern	Norway,	
activity	has	been	recorded	at	even	lower	temperatures	(Bergersen	&	
Klemetsen,	1988).	In	a	small	Spanish	stream,	Costa-	Dias	and	Lobon-	










temperature	 for	growth	 in	 spring	has	been	 reached	earlier	over	 the	
last	forty	years	in	Burrishoole,	while	this	has	not	been	the	case	in	Imsa.	
However,	this	issue	cannot	be	resolved	with	the	data	available	to	us.





a	warm	 spring	 seems	 to	 cause	 an	 early	migration,	whereas	 a	warm	
summer	 delays	 migration	 (Cullen	 &	 McCarthy,	 2003;	 Durif	 &	 Elie,	
2008).	It	may	be	speculated	that	a	warm	May	enhances	the	early	phys-
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in	Burrishoole	is	situated	immediately	below	the	lake,	there	is	a	river	





The	 only	 explanatory	 variables	 in	 common	 for	 the	 models	 to	
explain	 variation	 in	 the	 duration	 of	 the	migration	 in	 the	 two	 rivers	
were	water	 temperature	 in	December	 the	previous	year,	 as	 a	warm	
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